We performed density functional calculations for ultra-thin bismuth surface alloys: surface alloys of bismuth and facecentered cubic metals Bi/M (111)-( √ 3 × √ 3)R30°(M =Cu, Ag, Au, Ni, Co, and Fe). Our calculated Rashba parameters for the Bi/Ag are consistent with the previous experimental and theoretical results. We predicted a trend in the Rashba coefficients α R of bands around the Fermi energy for noble metals as follows: Bi/Ag > Bi/Cu > Bi/Au. As for the transition metals, there is a trend in α R : Bi/Ni > Bi/Co > Bi/Fe. Our finding may lead to design efficient spin-charge conversion materials.
Introduction
Strong spin-orbit interaction (SOI) is originated from a heavy element such as bismuth or spatial inversion symmetry breaking, that is, electric field. Rashba-Bychkov effect is induced by SOI [1, 2] and mainly important to spintronics devices such as spin FET (field effect transistor) [3] . The symmetry breaking can take place for the two dimensional electronic gas (2DEG) at the surfaces and interfaces. SOI is attracted attention due to spintronics applications in recent years, and Rashba effect is extensively studied [4] .
Spin-to-charge conversion, conversion phenomenon between spin and charge currents, is one of the most important topics in spintronics. Spin current is generated by spin Seebeck effect (SSE) [5] , for example. SSE can transform temperature gradient into spin current besides charge current which originate from normal Seebeck effect. Spin-to-charge conversion is important to convert spin current into charge current so effectively as to increase thermoelectric conversion efficiency using the spin Seebeck effect. Inverse spin hall effect (ISHE) is known as such a conversion mechanism [6] . Recently, for a Bi/Ag Rashba interface, a large conversion phenomenon between spin and charge currents has been reported [7] . That spin-to-charge conversion is induced by the inverse Rashba-Edelstein effect (IREE) on the metal-metal or metal-insulator interface with strong SOI, which is the inverse process of Edelstein effect [8] . The strength of the IREE is related with the Rashba coeffecient α R , which reflects the strength of the Rashba effect. IREE can be used for an alternative mechanism of detection of spin current utilizing ISHE. Indeed, giant
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In this paper, we investigated the Rashba effects for surface alloys composed of Bi and 3d-transition metals (Fe, Co, Ni) and noble metals (Cu, Ag, Au) using firstprinciples calculations. The trend in the surface alloys can be considered to be similar with that in the corresponding interfaces. One of our results for noble metals is that there is a trend in the order of magnitude of α R for bands around Fermi energy: Bi/Ag > Bi/Cu > Bi/Au.
Methods
For the two dimensional electronic system perpendicular to the direction of electric field, the Hamiltonian to be considered is the sum of the kinetic energy of free electron gas and Rashba Hamiltonian which can be expressed by
where α R denotes the Rashba coefficent,ê z the unit vector along z axis, k || = (k x , k y , 0) the wave vector, and σ = (σ x , σ y , σ z ) the Pauli matrices vector. We can solve the eigen value problem for that Hamiltonian, and obtain the energy dispersion relation for the nearly free electron under the Rashba effect:
where is the Planck constant, and m * the effective mass of electrons. Then, the Rashba coefficient can be obtained as follows:
is the Rashba energy, and k R = m * α R / 2 the Rashba momentum offset.
We performed density functional calculations within the local spin density approximation [11] [12], with the fully relativistic total angular momentum dependent pseudopotentials taking SOI into account [13] . We adopted norm-conserving pseudopotentials with an energy cutoff of 200 Ry for charge density including 5d, 6s, and 6p-states as valence states for Bi; the 3s, 3p, 3d, and 4s for Cu, Ni, Co, and Fe; 4p, 4d, and 5s for Ag; 5p, 5d, and 6s for Au. We used 8 × 8 × 1 k-point mesh.
In this calculation, the numerical pseudo atomic orbitals are utilized as follows: For all models, the numbers of the s-, p-, and d-character orbitals are three, three, and two, respectively; The cutoff radiuses of Bi, Cu, Ag, Au, Ni, Co, and Fe are 8.0, 6.0, 7.0, 7.0, 6.0, 6.0, and 6.0, respectively, in units of Bohr. The dipole-dipole interaction between slab models can be eliminated by the effective screening medium (ESM) method [14] .
Models
Bismuth surface alloys are thermodynamically stable and can be synthesized on noble metal surfaces [15] . Figure 1 shows the computational model of a surface alloy composed of the bismuth and face-centered cubic metal. We assumed here the freestanding Bi/M (M =Cu, Ag, Au, Fe, Co, and Ni) surface alloy model to be the structure where 1/3 M atoms on the topmost atomic layer are replaced with Bi atoms. The structure is based on Bi/Ag and Bi/Cu(111)-( √ 3 × √ 3)R30°surface alloys of the prior studies [9, 16] . We defined the length between the Bi and M atoms as the corrugation parameter d (See Fig. 1(a) ). We adopted the 2-atomic-layer model (e.g. a Bi/Ag surface alloy its underlying Ag atomic layer) for optimizing d, and 1-atomic-layer model (e.g. only the Bi/Ag alloy) for calculating the band structure of each freestanding surface alloy, respectively. The 2-atomic-layer model was used for the computational model in the previous study [10] . We used the experimental lattice constants for each surface alloy model shown in Tab. 1. Our calculated values of d for the Bi/Ag and Bi/Cu surface alloys are consistent with the experimental ones [9, 16] . Figure 2(a)-(c) shows the band structures for the freestanding surface alloys composed of bismuth and noble metals (Cu, Ag, Au). There are two notable Rashba splittings of free-electron-like bands around Γ-point for each surface alloy. The Rashba bands are 3/4 filled with valence electrons. We focused on the both splittings in the band structures, and evaluated the Rashba paramters: k R , E R , and α R (See Tab. 2).
Results and Discussion
In the case of the Bi/Ag surface alloy, our calculated values for the lower Rashba splitting in the Bi/Ag surface alloy (k R =0.124 Å -1 ; E R =0.177 eV; α R =2.85 eV·Å) are agreement with experimental ones (k R =0.13 Å -1 ; E R =0.2 eV; α R =3.05 eV·Å [9] ). Besides, Our result that the Rashba momentum offset k R is the value of 0.124 Å -1 for the lower splliting, and 0.075 Å -1 for the upper, respectively, are also consistent with those of the previous theoretical study [10] : k R =0.144 Å -1 at d=0.65 Å for the lower, and k R =0.09 Å -1 at d=0.8 Å for the upper. For the Bi/Cu alloy, the Rashba coefficient α R of the Bi/Cu is comparable to that of the Bi/Ag. However, our results for the Bi/Cu differ from the earlier studies, where the Rashba parameters of k R =0.03 Å -1 , E R =0.015 eV, and α R =1 eV·Å were reported [15] . That difference might be caused by the thickness of Cu in the computational model, for our calculated values for the 10-atomic-layer model are k R =0.036 Å -1 , E R =0.015 eV, and α R =0.83 eV·Å. For the Bi/Au alloy, the Rashba coefficient α R is slightly smaller compared with the other noble metal alloys. There is a trend in the order of magnitude of α R : Bi/Ag > Bi/Cu > Bi/Au (the lower splitting); Bi/Cu > Bi/Ag > Bi/Au (the upper splitting). Since the lower splitting is larger than the upper one in the momentum offset k R , the lower is seemed to be more important to transport properties if the Fermi level lies around it.
We also calculated the Bi/Ni, Bi/Co, and Bi/Fe surface alloys under non-magnetic condition. Figure 3(a)-(c) shows the band structures for the freestanding surface alloys composed of bismuth and 3d-transition metals (Ni, Co, Fe). As with the surface alloys composed of Bi and noble metals, there are two Rashba splittings for each surface alloys. As for the transition metals, there is a trend in Rashba parameters for both splitings:
The Rashba coefficient α R are thought to originate from the asymmetry of the surface state (SS) [23, 24] . The mechanism of the Rashba-Bychkov effect at the surface due to the asymmetric SS was explained using an expression:
where c is the speed of light, V the potential, and ψ SS the wave function of SS [23] . As mentioned above, in the case of the Bi/Cu alloy, our calculated α R for 1-and 10-atomic-layer model are 2.59 and 0.83 eV·Å, respectively, and thus, the magnitude of α R is strongly dependent on the thickness of Cu. However, for the Bi/Ag alloy, α R is insensitive to the thickness of Ag (2.85 eV·Å (1-atomic-layer); 2.82 eV·Å (10-atomic-layer)). This difference between the Bi/Cu and Bi/Ag may be due to the difference in the degree of the localization of SS, and in terms of the thickness dependence of M, its localization is seemed to be stronger for the Bi/Ag than Bi/Cu. Indeed, it was reported that the strong localized SS exists for the Bi/Ag alloy [10, 15] . For all the 1-atomic-layer model, α R is so large as to comparable with the Bi/Ag surface alloy, with the thinness of the surface alloy films confining the wave functions including the SS. In other words, the strong localization of the SS may enhance the asymmetry of the charge distribution for the SS, which makes α R large. The localization of the SS as well as the corrugation parameter d may be important to α R .
Conclusion
We performed density functional calculations for ultrathin bismuth surface alloys: Bi/M (111)-( √ 3 × √ 3)R30°, and calculated Rashba parameters to predict its trend for two notable Rashba splittings of free-electron-like bands around Γ-point. For noble metals, we found a trend in the Rashba coefficents α R : Bi/Ag > Bi/Cu > Bi/Au (the lower splitting); Bi/Cu > Bi/Ag > Bi/Au (the upper splitting).
The lower values may be important to transport properties because the lower is larger in the momentum offset k R . As for the transition metals, there is a trend in α R : Bi/Ni > Bi/Co > Bi/Fe. Not only the corrugation parameter d but the localization of the surface states may be important to α R . Our finding may lead to design efficient spin-charge conversion materials.
